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Inhibition of Nitric Oxide Synthase Impairs
a Distinct Form of Long-Term Memory
in the Honeybee, Apis mellifera
Uli MuÈ ller Drosophila (Regulski and Tully, 1995). Interestingly, the
antennal lobes, the lateral protocerebral neuropil, andInstitut fuÈ r Neurobiologie der Freien UniversitaÈ t Berlin
KoÈ nigin-Luise-Strasse 28±30 the mushroom bodies, all potential sites of associative
olfactory learning in thehoneybee (Hammer and Menzel,D-14195 Berlin
Federal Republic of Germany 1995), are also prominent areas of NOS expression
(MuÈ ller, 1994). It was shown that the NO system within
the antennal lobes is involved in chemosensory informa-
tion processing in vivo (MuÈ ller and Hildebrandt, 1995),Summary
as Breer and Shepherd (1993) previously suggested for
olfaction in general. However, learning studies in Dro-Nitric oxide has been shown to be implicated in neural
sophila and the honeybee (Heisenberg, 1989; Davis,plasticity that underlies processes of learning and
1993; DeZazzo and Tully, 1995; Hammer and Menzel,memory. In the honeybee, studies on the role of nitric
1995) have not provided any information up to now asoxide in associative olfactory learning reveal its spe-
to whether NO is part of the biochemical machinerycific function in memory formation. Inhibition of nitric
implicated in learning and memory.oxide synthase during olfactory conditioning impairs
In the honeybee, the proboscis extension responsea distinct long-term memory that is formed as a conse-
(PER) can be conditioned by pairing an odor stimulusquence of multiple learning trials. Acquisition or re-
with a sucrose reward (Menzel, 1985, 1990). The numbertrieval of memory or memory formation induced by a
of conditioning trials applied to the honeybee inducessingle learning trial is not affected by blocking of nitric
different memories, which exhibit different propertiesoxide synthase. This finding provides a first step to-
(reviewed in Hammer and Menzel, 1995). While a singleward dissection of molecular mechanisms involved in
trial conditioning leads to a medium-term memorymemory formation, in general, and the special function
(MTM) that lasts for hours, multiple trial conditioningof nitric oxide synthase, in particular.
induces a long-term memory (LTM) that lasts for days.
In contrast to the single trial±induced MTM, the LTM isIntroduction
insensitive to amnestic treatments applied immediately
after conditioning (Menzel et al., 1974; Erber et al., 1980).In the nervous system, nitric oxide (NO) acts as a signal-
The results presented in this paper show that blockinging molecule with functions very much like those of a
NOS activity during associative learning impairs memoryneurotransmitter (Dawson and Snyder, 1994; Garthwaite
formation induced by multiple trial conditioning but doesand Boulton, 1995). In addition to its various functions
not interfere with memory formation after a single trialin the development and regeneration of the nervous
conditioning. These findings are consistent with the ideasystem (Dawson and Snyder, 1994; Schuman and Madi-
that the modulatory action of NO differs, depending onson, 1994a), NO has been implicated in vertebrate learn-
parameters of the applied stimuli and/or the synapticing (Chapman et al., 1992; HoÈ lscher and Rose, 1992;
activity of the neural circuits (Haley et al., 1993; ZhuoBoÈ hme et al., 1993) and in mechanisms of long-term
et al., 1993). Moreover, the results suggest that distinctpotentiation (LTP) (Schuman and Madison, 1991; Haley
molecular mechanisms acting in parallel may be impli-et al., 1992; O'Dell et al., 1994) and long-term depression
cated in the induction of different forms of memories.(LTD) of synaptic connections (Bredt and Snyder, 1989;
Shibuki and Okada, 1991; Zhuo et al., 1993). The exact
mechanisms by which NO functions in these in vitro Results
models of synaptic plasticity, as well as the implication
of NO in LTP in vivo and its relationship to behavioral Localization of NOS in the Brain
of the Honeybeeplasticity, is controversial and under investigation (Ban-
nerman et al., 1994a, 1994b). Various findings, however, Previous studiesshowed that insect NOS has properties
similar to those of thecorresponding vertebrate enzyme.suggest that NO may modulate or synchronize synaptic
connections within local defined areas of a neuronal We showed that the reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH) diaphorase histochemicalcircuitry (Meffert et al., 1994; Schuman and Madison,
1994b). Thus, the modulatory action of NO may depend method allows localization of cells and neuropils in in-
sects that contain NOS, as in vertebrates (MuÈ ller, 1994,on complex spatial and temporal features of distinct
release and target sites. This was supported by findings MuÈ ller and Bicker, 1994). The majority of NOS activity
(>95%) is localized in insect brain. NOS activity occurson LTP, where NO appears to produce distinct effects
depending on the activity of the target site and other, in neurons and glial cells, and there is as yet no indica-
tion of nonneuronal NOS activity. In the honeybee, theas yet unknown, parameters (Gribkoff and Lum-Ragan,
1992; Chetkovich et al., 1993; Haley et al., 1993; Zhuo predominant amount of NOS activity is detected in neu-
ropils known to participate in the processing of olfactoryet al., 1994).
Recently, NO has been identified as a signaling mole- information, while the visual neuropils exhibit by far the
lowest NOS activity (Figure 1A). The antennal lobes,cule in the brain of Locusta, Drosophila, and Apis (El-
phick et al., 1993, 1995; MuÈ ller, 1994; MuÈ ller and Bicker, primary centers of olfactory processing, exhibit thehigh-
est NOS activity in the brain and consequently the1994), and a NO synthase (NOS) gene was cloned in
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exhibit no staining (Figure 1B). In addition to the mush-
room body calyces, the a and b lobes and the peduncle
also exhibit a clearly compartmentalized staining pat-
tern. Since the somata of the Kenyon cells, intrinsic
neurons of the mushroom body, are not stained, the
labeling in the neuropils of the mushroom bodies (Figure
1A, arrows) may derive from targeting the NOS to the
axonal processes of Kenyon cell subsets and/or from
NOS in mushroom body extrinsic neurons. Different
properties of the latter may also account for the charac-
teristic staining of the mushroom body peduncle (Figure
1A, arrows). Neuropils of the central brain, as the central
body with its fan-shaped pattern (Figure 1A), exhibit
intermediate labeling.
Inhibition of Brain NOS
Effects of the injected drugs on NOS activity were re-
vealed using a hemoglobin assay (Feelisch and Noack,
1987; MuÈ ller, 1994). Since the hemoglobin assay is able
todetect NO and other substances (CO, etc.), the assays
reveal at least two signals. The first signal can be inhib-
ited by adding NOS inhibitors to the assay mixture. The
second signal, which cannot be inhibited by addition
of NOS inhibitors, presumably includes enzymes other
than NOS. Total NOS activity is defined as that part of
the signal which is sensitive to NOS inhibitors added to
the assay mixture. This total NOS activity can be divided
into a major Ca21-dependent NOS activity (z90%) and
a minor Ca21-independent NOS activity (z10%), sug-
Figure 1. NOS Localization and Potential Convergence Sites of the
gesting the existence of at least two NOS isoforms inUnconditioned and the Conditioned Stimulus Pathways in Honeybee
the honeybee brain.
The distribution of NOS as revealed by the NADPH diaphorase tech-
Injection of competitive NOS inhibitors into the hemo-nique (A) was compared with a scheme of potential sites of signal
lymph of the thorax was found to be the best techniqueconvergence in associative olfactory learning (B, darkly shaded).
for blocking brain NOS activity for learning experiments.The lip (li) of the mushroom body calyces (cx) and the lateral protoc-
erebral lobe (lp), which receive input from the antennal lobes (al) via Application of only 1 ml of 100 mM N-nitro-L-arginine
a median (magt) and a lateral (lagt) pathway, exhibit characteristic (NOArg) or N-nitro-L-arginine methyl ester (L-NAME) 20
strong labeling. The peduncle (pe, arrows) of the mushroom bodies min prior to the measurement inhibits total NOS by 80%
and the central complex (cb) are also labeled. Note the low staining
(Figure 2A). Thus, maximal inhibition of NOS is attainedintensities present in the visual neuropils (me, medulla; lo, lobula).
at an approximate concentration of 1 mM NOS inhibitor,Dorsal is at the top. Bar, 100 mm.
calculated from the injected volume and the approxi-
mate body weight of 120 mg. Injections of phosphate-
buffered saline (PBS) or the inactive isomer N-nitro-D-strongest NADPH diaphorase labeling (MuÈ ller, 1994).
The lip of the mushroom body calyces and the lateral arginine methyl ester (D-NAME) as controls have no
effect on NOS activity. NOS inhibition is transient withprotocerebral lobe, which receive input from the anten-
nal lobes via a median and a lateral pathway, show a maximal effect around 20 min after injection of the
competitive inhibitor NOArg (Figure 2B). Injection ofstrong labeling. Both of the latter connecting pathways
Figure 2. Dose-Dependent Effect and Time
Course of NOS Inhibition on Brain NOS Ac-
tivity
(A) NOS activity as revealed from brain ho-
mogenates 20 min after injection of 1 ml of
the indicated inhibitor concentrations. Mean
6 SEM of at least 15 experiments per value
are shown (*, p < 0.01, t test).
(B) NOS activity as revealed from homoge-
nates of the brain, dissected at different times
after application of 1 ml of 200 mM NOArg.
Mean 6 SEM and number of independent ex-
periments (indicated near each value) are
shown (*, p < 0.01, t test).
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Table 2. NOS Inhibitors Do Not Affect Responsiveness to OdorTable 1. NOS Inhibitors Do Not Affect the Unconditioned
Response before or after Sensitization
Response Probability to Sucrose (US) Response Probability Response Probability to Odor
Treatment to Odor 30 s after Sensitization
Treatment 0.3 M Sucrose 0.6 M Sucrose
Control 0.06 (208) 0.30 (78)
Control 0.72 (104) 0.93 (63) PBS 0.07 (208) 0.32 (78)
PBS 0.75 (78) 0.95 (68) NOArg 0.04 (130) 0.28 (77)
NOArg 0.75 (78) 0.94 (78) L-NAME 0.05 (195) 0.31 (68)
L-NAME 0.76 (67) 0.96 (63) D-NAME 0.04 (78) 0.31 (78)
D-NAME 0.77 (67) 0.93 (59)
At 30 min before testing, animals were injected with 1 ml of PBS or
Animals were injected with either 1 ml of PBS or 1 ml of PBS con- 1 ml of PBS containing 200 mM of the indicated NOS inhibitors, or
taining 200 mM of the indicated NOS inhibitors, or were left untreated were left untreated as a control measure. The ability of odor to
as a control measure. At 30 min after injection, a single stimulus of elicit the PER was tested by applying a single odor stimulus to the
sucrose solution of the indicated concentration was applied to the antenna. To test for interference with sensitization, an odor stimulus
antenna to test ability of sucrose to elicit the PER. Drug treatment was presented 30 s after a sensitizing stimulus (sucrose to one
has no effect on response probabilities to the US (number of animals antenna). Drug treatment has no effect on response probabilities to
is shown in parentheses). odor (number of animals is shown in parentheses).
L-NAME at the same concentration leads to a similar on reflex behavior or on nonassociative components of
transient NOS inhibition (data not shown). appetitive and olfactory responses in the bee.
NOS Inhibition Does Not AffectNOS Inhibition Does Not Affect
Nonassociative Components Acquisition and Retrieval
Inhibition of NOS during classical conditioning of anof Olfactory Conditioning
Nonassociativeprocesses, such as motivational factors, olfactory stimulus does not affect the acquisition of con-
ditioned PER. Compared with PBS-injected or untreatedsatiation, and stimulus-induced arousal (sensitization),
interfere with associative olfactory learning (Menzel, controls, animals treated with different NOS inhibitors
show similar acquisition functions and reach a high level1990; Menzel et al., 1991). Therefore, the effects of NOS
inhibition on experimentally accessible nonassociative of conditioned responses within three conditioning trials
(Table 3). In another set of experiments, the role of NOprocesses were tested first. Application of appetitive
stimuli to the antennae of honeybees elicits extension in the retrieval of associative olfactory memory was
tested by blocking NOS activity during retrieval. Re-of the proboscis (PER). The latter is a reliable indicator
for parameters affecting the processing of the uncondi- trieval tested at different times after three conditioning
trials in thepresence or absence of NOS inhibitors exhib-tioned stimulus (US) (Hammer et al., 1994). NOS inhibi-
tion has no effect on the responsiveness of the animals its no difference onconditioned PER (Table 4). The same
holds true for single trial conditioning (data not shown).to the US alone (Table 1) or to the conditioned stimulus
(CS) alone (Table 2). Moreover, a sensitization paradigm
was used. Sucrose, as the US, arouses animals, which NOS Inhibition during Conditioning Impairs
Formation of LTMleads to an increase in responsiveness to odor stimuli
for a short period (<3 min) after US stimulation. Again, In the honeybee, a single trial conditioning leads to a
MTM, while multiple trial conditioning induces a LTMNOS inhibition has no effect on the processing of olfac-
tory responses in the sensitization paradigm (Table 2). that lasts for days (Hammer and Menzel, 1995). Interest-
ingly, blocking of NOS during conditioning shows dis-Although satiation affects responsiveness to sucrose
and odor stimuli (Menzel et al., 1991; Hammer et al., tinct effects on the conditioned PER tested at 24 hr,
depending on the number of conditioning trials applied1994), animals at the same level of satiation behave
similarly, independently of the presence or the absence to the animal. While NOS inhibition during a single trial
conditioning has no effect on conditioned PER (Figureof NOS inhibitors (data not shown). Thus, all these be-
havioral tests reveal that NOS inhibition has no effect 3A), blocking of NOS during three trial conditioning leads
Figure 3. NOS Inhibition during Conditioning
and Its Effect on Memory
At 30 min prior to conditioning, animals were
injected with 1 ml of either PBS or 200 mM
NOArg, or were left untreated as control. Ani-
mals received a single conditioning trial (A)
or three conditioning trials (B). The probability
of the CS eliciting the PER was tested at three
different times after conditioning. The data
represent the PER of n animals, as indicated
in each column (*, p< 0.001, x2 test).
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Figure 4. NOS Inhibition Does Not Interfere
with Amnesia-Sensitive Memory
Animals received an injection (1 ml of PBS or
1 ml of 200 mM L-NAME) 30 min prior to a
single conditioning trial (A) or three condition-
ing trials (B). Immediately after conditioning
(<2 s), the animals were chilled in a water/ice
mixture (08C, 3 min) as amnestic treatment.
The control group animals were treated with
the same cooling procedure 30 min before
conditioning. The data show the PER (tested
at 3 or 24 hr after conditioning) of n animals,
as indicated in each column (*, p < 0.001, x2
test).
to a strong reduction of the conditioned PER when conditioning. As expected from the results reported
above, extinction in animals that received three condi-tested 24 hr after conditioning (Figure 3B). This indicates
that the formation of a particular form of memory is tioning trials in the absence of NOS inhibitors differs
significantly from extinction in those receiving three con-impaired by NOS inhibition during multiple trial acqui-
sition. ditioning trials in the presence of NOS inhibitors (Figure
5B). The latter group, however, does not differ fromMemory formation after single and multiple trial condi-
tioning differs with respect to its susceptibility to amnes- animals of the single trial±conditioned groups (Figure
5A).tic treatments such as cooling, anesthesia, and electric
shocks. Only after a single conditioning trial is the condi-
tioned PER (tested 30 min after conditioning) signifi- Dose-Dependent Effects and Time Course
of NOS Inhibition on LTMcantly affected by amnestic treatments shortly after con-
ditioning (Menzel et al., 1974; Erber et al., 1980). Thus, The effects of the NOS inhibitors on conditioned PER
at 24 hr depends on the concentration injected (Figuremultiple conditioning trials not only induce a LTM but
also speed up the transfer into an amnesia-resistant 6A). While a concentration of 50 mM NOArg or L-NAME
(30%±50% NOS inhibition; see Figure 2A) has no signifi-memory. To dissect a possible involvement of the NOS
requiring processes in the latter mechanism, the combi- cant effect on conditioned PER at 24 hr, injection of
100±500 mM NOS inhibitor (80%±90% NOS inhibition)nation of amnestic treatment (cooling) and NOS inhibi-
tion was applied. Both in the presence or absence of causes significant effects on conditioned PER at 24 hr
(Figure 6A). However, there are some obvious differ-NOS inhibitors, amnestic treatment immediately after a
single conditioning trial causes a significant decrease ences. Although the injection of 100 or 200 mM NOArg
causes z80% NOS inhibition (see Figure 2A), the effectsof conditioned PER tested at 3 hr. Interestingly, the
conditioned PER tested at 24 hr is not affected by am- of these two concentrations on conditioned PER are
significantly different (100 mM, PER 0.61; 200 mM, PERnestic treatment and does not differ from that measured
at 3 hr (Figure 4A). These results point to a yet unknown 0.44). The dose±response curves of NOArg and L-NAME
do not differ from each other. At all concentrationsamnesia-resistant memory induced by a single condi-
tioning trial. All amnestic effects are observed regard- tested, no effects on the conditioned PER were found
when the memory test was performed 3 or 8 hr afterless of NOS inhibition (Figure 4) and vice versa. This
suggests that NOS inhibition does not interfere with three conditioning trials.
The phase of sensitivity for NOS inhibition was studiedmechanisms of retrograde amnesia induced after single
or multiple trial conditioning (Figure 4B). by varying the time window of NOS inhibition during
conditioning. Variation of the time course of NOS inhibi-A further experiment studied whether the memory re-
tained in the three trial±conditioned group has similar tion relative to the three conditioning trials (three trials
within 4 min) shows a similar time course for conditionedcharacteristics compared to the memory retained in sin-
gle trial±conditioned animals in the presence or absence PER tested 24 hr after conditioning (compare Figure 6B
with Figure 2B). Injection of NOS inhibitors <5 min beforeof NOS inhibitors. An extinction procedure was used
to test the course of the extinction effect 24 hr after or any time during or after conditioning has no effect
Table 3. NOS Inhibitors Do Not Affect Acquisition
PER
Treatment Trial 1 Trial 2 Trial 3
Control 0.06 (240) 0.70 (240) 0.78 (240)
PBS 0.05 (250) 0.70 (250) 0.74 (248)
NOArg 0.06 (235) 0.69 (235) 0.75 (235)
L-NAME 0.05 (156) 0.69 (156) 0.76 (156)
At 30 min before conditioning, animals were injected with 1 ml of PBS or with 1 ml of PBS containing 200 mM NOArg or L-NAME, or were left
untreated as a control measure. Extension of the proboscis elicited by the CS was tested for each of three successive conditioning trials.
Drug treatment has no effect on aquisition (number of animals is shown in parentheses).
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Table 4. NOS Inhibitors Do Not Affect Retrieval
PER
Treatment 3 hr Retention 8 hr Retention 24 hr Retention
Control 0.79 (91) 0.77 (89) 0.73 (113)
PBS 0.80 (107) 0.74 (105) 0.71 (116)
NOArg 0.77 (106) 0.76 (104) 0.73 (120)
L-NAME 0.79 (74) 0.75 (74) 0.72 (86)
Untreated animals received three conditioning trials. At 30 min prior to the retrieval test, animals were injected with 1 ml of PBS or 1 ml of
PBS containing 200 mM NOArg or L-NAME, or were left untreated as a control measure. Drug treatment has no effect on retrieval (number
of animals is shown in parentheses).
on conditioned PER tested 24 hr after conditioning. Only acquisition or retrieval (see Tables 3 and 4) of olfactory
memory, are not affected. That NOS inhibition is corre-when inhibition has been fully developed during condi-
tioning (i.e., injection of NOS inhibitors 10 min prior to lated to this specific behavioral change is indicated in
the similar dose±response curves of brain NOS inhibitionstart of conditioning) were effects on conditioned PER
tested at 24 hr revealed. The overlap of both time and the conditioned PER at 24 hr (see Figures 2A and
6A) and in the overlap of the time course of NOS inhibi-courses strongly indicates the need for NOS activity
during multiple trial conditioning (4 6 2 min). tion with the time course of conditioning (see Figures
2B and 6B).
In the honeybee (Menzel, 1990; Hammer and Menzel,Discussion
1995), as in other animals (Squire 1987; Allweis, 1991;
DeZazzo and Tully, 1995), a common feature of memorySince the discovery that NO functions as a neuronal
messenger (Garthwaite et al., 1988), it has been impli- formation is its progression from labile short-lived forms
to long-lasting stable forms of memory. Immediatelycated in the modulation of synaptic processes in various
systems. Here, I presented a behavioral and pharmaco- after a single conditioning trial, formation of memory is
sensitive to amnestic agents as tested at 30 min afterlogical analysis of the role of NOS in olfactory learning
in the honeybee. As revealed by the biochemical assays, conditioning (Erber, 1976; Erber et al., 1980). The present
study now gives strong evidence that a single condition-systemically applied NOS inhibitors (see Figure 2) pro-
duce transient inhibition of brain NOS activity with a ing trial also induces an amnesia-resistant memory com-
ponent that remains at a constant level for at least 24sharp onset of inhibitory effect that reaches a maximum
10 min after injection. The concentration required for hr (see Figures 4A and 7). Interestingly, this memory
component is not affected by NOS inhibition. After threemaximal inhibition (z1 mM) is in the range of the Ki
revealed by measurements of purified NOS (MuÈ ller, conditioning trials, even given within <1 min, formation
of memory is insensitive to amnestic treatments (Menzel1994). No indication of nonneuronal NOS activity has
been found in the honeybee (MuÈ ller, 1994). Effects of et al., 1974; Erber et al., 1980). Thus, repeated condition-
ing trials accelerate the transfer into amnesia-resistantsystemically applied NOS inhibitors on nonneuronal tar-
gets of NO, as observed in vertebrates (Rees et al., 1990; memory. By application of NOS inhibitors, the latter can
now be divided into at least two phases (see Figure 4B):Goadsby et al., 1992), are therefore rather unlikely in the
honeybee. However, possible effects of NOS inhibitors MTM that is not affected by NOS inhibition (tested at 3
and 8 hr) and LTM that, by blocking NOS activity, ison yet unknown targets cannot be excluded.
The behavioral and pharmacological results obtained reduced to the level of the single trial±induced memory
(tested at 24 hr; see Figure 3). Thus, it is tempting toby applying NOS inhibitors indicate a highly specific
effect on a particular form of LTM. Two features charac- speculate that the requirement of NOS activity depends
on the sequence of consecutive conditioning trials.terize the specificity of this effect. Only memory tested
24 hr after conditioning is reduced, and only memory While the initial conditioning trial leads to an amnesia-
resistant LTM, independently of NOS activity, formationafter multiple conditioning trials is reduced (Figure 7).
Experimentally accessible reflex components and non- of amnesia-resistant LTM by the subsequent condition-
ing trials requires NOS activity (Figure 7).associative plasticities (see Tables 1 and 2), as well as
Figure 5. Effects of NOS Inhibition on Ex-
tinction
At 30 min before a single conditioning trial (A)
or three conditioning trials (B), animals were
injected with either 1 ml of 200 mM NOArg or
PBS alone, or were left untreated as a control
measure. Extinction of the PER (2 min inter-
vals)was tested 24 hr after conditioning. Each
point represents data from at least 84 animals
(*, p < 0.001, x2 test).
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Figure 6. Dose-Dependent Effect and Time
Course of NOS Inhibitionon Conditioned PER
(A) At 20 min before three conditioning trials,
animals were injected with 1 ml of NOArg at
the concentrations indicated. The PER and
the number of animals (next to each data
point) are shown (*, p < 0.01, x2 test). The
insert compares the effects of different treat-
ments on PER (1 ml of 200 mM each); each
data point represents results from at least 84
animals.
(B) At different times after injection of 1 ml of
either PBS or 200 mM NOArg, animals re-
ceived three conditioning trials. The PER and
the number of animals (value next to each
data point) are shown (*, p < 0.01, x2 test).
The specificity of NO-mediated mechanisms in mem- seem to establish distinct memory traces independently
of each other (Menzel et al., 1974; Erber et al., 1980;ory formation in honeybees has remarkable parallels
Hammer and Menzel, 1995). Since both of these brainwith findings in vertebrates. While NO involvement was
areas exhibit high NOS activity (MuÈ ller, 1994), futurereported for a single trial avoidance conditioning in
investigations will have toshow which site is responsiblechicks (avoid a bitter bead; HoÈ lscher and Rose, 1992),
for the NO-mediated processes required for formationinhibition of NOS reveals no effect in a different passive
of LTM.avoidance learning in rats (avoid a dark chamber; BoÈ hme
In vertebrates, brain structures, including the hippo-et al., 1993). However, in rats, a function for NO was
campus, cortex, and cerebellum, are discussed as pos-reported for spatial learning in the radial eight arm maze
sible sites for the formation and storage of memory. LTP(BoÈ hme et al., 1993), while spatial learning in the water
and LTD of synaptic transmission have been provenmaze was not affected by NOS inhibitors (Bannerman
to be potent systems for the analysis of the molecularet al., 1994a). Thus, the need for NO appears to depend
mechanisms that underlie persistent enhancement oron distinct properties of the applied training task, sen-
reduction of synaptic strength in these brain areas (Blisssory modalities, or other yet unknown parameters. In all
and Collingridge, 1993; Malenka, 1994). Several studiescases where NOS inhibitors reduce learning in verte-
support the existence of a role for NO in LTP and LTD,brates, the results indicate that memory formation re-
although, owing to contradictory experimental results,quires NOS activity during training, while NOS inhibition
the implication of a role for NO in these mechanismsafter training or during retention does not affect retention
is not without dispute (Gribkoff and Lum-Ragan, 1992;of memory. The same holds true for the observations
Linden and Connor, 1992; Chetkovich et al., 1993; Haleyon honeybees (see Figure 6B).
et al., 1993; Bannerman et al., 1994a, 1994b; O'Dell etFormation of memory and thus the associated
al., 1994). The disparate findings concerning the role ofchanges insynaptic efficacy occur inseveral brain struc-
NO seem partly related to different experimental condi-tures in the honeybee (Hammer and Menzel, 1995), as
tions like age, temperature, and strength of the stimula-found for other animals. Both the antennal lobes and
tion (Haley et al., 1993; Williams et al., 1993). Moreover,the mushroom bodies (see Figure 1) are essential struc-
NO appears to act on its target elements in a mannertures for the formation of olfactory memory, and they
that depends on their activity. While NO is implicated
in the potentiation of synapses at high frequency stimu-
lation, it causes synaptic depression when presynaptic
stimulation is weak (Zhuo et al., 1993). In the honeybee,
the obviously different role of NO in the formation of
memory after single and multiple trial conditioning (see
Figures 3 and 4) is probably also due to a change of
synaptic activity induced by the initial or preceding con-
ditioning trial.
Although the molecular targets of NO have not been
analyzed completely, a major effector of NO found in
vertebrates and insects is the soluble guanylate cyclase
(Arnold et al., 1977; Elphick et. al., 1993). Up until now,
no experimental data on the molecular targets of NO
Figure 7. Memory Phases in the Honeybee as Revealed by NOS action during learning in vertebrates have been avail-
Inhibitors able. Findings on LTP and LTD, however, suggest that
Blocking of NOS activity during conditioning dissects at least three cGMP mediates NO-dependent mechanisms in the tar-
distinct phases of memory as tested in the olfactory PER condition- get elements (Shibuki and Okada, 1991; Zhuo et al.,
ing paradigm. Amnesia-resistant LTM induced by multiple condi-
1994). Even though other possibilities remain, cGMPtioning trials is sensitive to NOS inhibitors (dark shaded area), while
could mediate the effects of NO by activating cyclicamnesia-resistant LTM induced by a single conditioning trial and
nucleotide±dependent protein kinases, changing cAMPMTM induced by single or multiple conditioning trials are insensitive
to NOS inhibitors. levels by modulating phosphodiesterases, or acting on
NO Synthase Inhibition Impairs Long-Term Memory
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a De of 19.7 mM21cm21 at 278C (Feelisch and Noack, 1987). Thecyclic nucleotide±regulated ion channels (Garthwaite,
signal due to total NOS activity was calculated by subtracting the1991; Goy, 1991). In the honeybee, with a cAMP-depen-
values of the hemoglobin assay with and without externally addeddent protein kinase activated by cGMP at physiological
NOS inhibitors. Values were analyzed for normal distribution and
concentrations (Altfelder and MuÈ ller, 1991), we have evi- equal variances, so that the significance of the differences between
dence that cGMP produced via activation of NOS inter- the distinct treatments could be tested by Student's t test.
acts with the cAMP cascade (Hildebrandt et al., 1994).
This may be of special interest, since the cAMP cascade
Behavioral Experimentsand its components and targets have been shown to
To compensate for seasonal and internal differences, the experi-
play a central role in learning and memory (Davis, 1993; ments were carried out on different days and in different treatment
Frank and Greenberg, 1994; DeZazzo and Tully, 1995). combinations. Each combination always included at least 1 PBS-
In Drosophila, disruption of the cAMP-responsive ele- injected or 1 untreated control group. Each group contained at least
13 animals. In the end, PER was calculated by dividing the sum ofment±binding protein (CREB) gene blocksone of at least
responding animals in all identically treated groups (7±20 indepen-two independent forms of LTM (Tully et al., 1994; Yin et
dent groups) by the corresponding total number of animals tested.al., 1994, 1995). Thus, CREB-regulated gene expression
Number of animals is indicated next to the mean. Differences be-
mediated by the nuclear action of the cAMP cascade tween the untreated control, the PBS-injected, and the drug-treated
seems to be a specific requirement for this form of LTM. animals were evaluated by the x2 test.
Although there is as yet no information about the role
of NO in learning and memory in Drosophila, it may be
Classical Olfactory Conditioningpossible that NO also has a specific function in memory
In the classical conditioning procedure for honeybees, sucrose solu-
formation. tion serves as the US, and an odor pulse (carnation) serves as the
Although we have initial evidence that NO acts via CS. The odorous air was exhausted through a tube behind the
guanylate cyclase in the honeybee (MuÈ ller and Hilde- animal. The US was applied by hand with the tip of a wooden
toothpick moistened with sucrose solution (0.7 M). Each condition-brandt, 1995), future analysis will have to show whether
ing trial lasted 5 s; the odor stimulus administered for 4 s. After thecomponents of the cAMP cascade or other secondmes-
first 2 s, the sucrose stimulus was presented and was administeredsenger pathways are the molecular targets of NO con-
for 3 s. The US was first delivered to both antennae (<1 s), resulting
cerning its role in LTM formation. Irrespective of the in extension of the proboscis, and then immediately to the extended
exact molecular target, the finding that NO functions in proboscis. During the remainder of the CS duration (2 s), the bee
formation of a distinct form of memory without affecting was allowed to drink sucrose solution from the toothpick. As indi-
cated, the conditioning procedure consisted of a single conditioningothers provides a first promising step toward dissection
trial or of three successive conditioning trials with intertrial intervalsof molecular mechanisms involved in memory formation,
of 2 min.in general, and the special function of NO, in particular.
Experimental Procedures Amnestic Treatment
Immediately after the conditioning procedure (<2 s), the metal tube
Materials with the animal was chilled in a water/ice mixture (08C), where the
Honeybees (Apis mellifera) from a hive were used. NADPH and nitro bees stopped moving within 15±20 s. After 3 min on ice, the animals
blue tetrazolium were from Biomol (Hamburg, Germany). Hemoglo- were moved back to 208C. To compensate for cooling effects, con-
bin and all other reagents were from Sigma (Deisenhofen, Federal trol group animals were treated with the same cooling procedure
Republic of Germany). All chemicals were of analytical grade. 30 min before conditioning.
Animal Treatment and Injection Procedure
A day before the experiment, bees were immobilized by cooling and Memory Retrieval
mounted in metal tubes by a strip of tape between the head and In the retrieval test, the odor stimulus (CS) was presented alone. In
thorax. Bees were fed with sucrose solution (1.4 M) until satiation the case of successful conditioning, the presentation of CS alone
and kept in a container at 70% relative humidity and 208C±258C. elicited proboscis extension. Although repetitive testing at intervals
Only those animals that showed a prompt PER after sucrose stimula- in the range of hours does not cause extinction (Wittstock et al.,
tion to the antenna were used for the experiments (>95% of the 1993), in half of the experiments, each bee was tested only once,
animals). As indicated in Results, drugs were injected into the hemo- at either 3, 8, or 24 hr after conditioning. In the rest of the experi-
lymph of the thorax using a microcapillary (MuÈ ller and Hildebrandt, ments, each bee was tested at 3, 8, and 24 hr after conditioning. In
1995). both cases, there was no difference in retrieval. The animals were
fed with a defined amount of sucrose (8 ml of 1.4 M sucrose) 1 hr
NOS Activity in the Brain prior to each retrieval test. At 9±10 hr after the conditioning session,
NOS activity in brain homogenates was tested using the oxyhemo- between the 8 and 24 hr retrieval tests, the animals were fed with
globin assay for NO (Feelisch and Noack, 1987). Preparation of the sucrose solution (1.4 M) until satiation.
brain and subsequent determination of NO release were carried out
as described elsewhere in detail (MuÈ ller, 1994; MuÈ ller and Hilde-
brandt, 1995). Immediately after dissection of the brain (at 08C), NADPH Diaphorase Histochemistry
The tissue was fixed in PBS containing 4% paraformaldehyde fortissue was homogenized in 100 ml of 30 mM HEPES (pH 7.7) con-
taining 1 mM EGTA. The membrane particles in the sample were 2 hr at 48C, followed by cryoprotection in PBS with 20% sucrose
for 20 hr. The tissue was soaked in Tissue Tek II for 3±5 min, frozen,removed by centrifugation (3000 3 g, 2 min). One sample of 30 ml
of the supernatant was added to 70 ml of freshly prepared reaction and cut in a cryostat (10 mm). The sections were again fixed in PBS
containing 4% paraformaldehyde for 10 min at room temperature.mixture (30 mM HEPES [pH 7.7] containing 20 mM oxyhemoglobin
and 200 mM NOArg or L-NAME). Another sample of 30 ml of the After washing with PBS containing 0.1% Triton X-100, the sections
were incubated for 60 min with 50 mM Tris±HCl (pH 7.8), 0.1% Tritonsupernatant was added to 70 ml of freshly prepared reaction mixture
(30 mM HEPES [pH 7.7] containing 20 mM oxyhemoglobin). Reac- X-100, 0.1 mM nitro blue tetrazolium in the presence or absence
of 0.1 mM b-NADPH to demonstrate fixation-insensitive NADPHtions were started by addition of 0.1 mM b-NADPH. Conversion of
oxyhemoglobin to methemoglobin was monitored continuously by diaphorase activity (MuÈ ller, 1994). The sections were dehydrated
and mounted in Entelan.recording the extinction difference between 401 and 411 nm using
Neuron
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